Coral reef fishes often exhibit a high degree of structure in their distribution and abundance, but the factors that influence their spatial arrangement are poorly understood. This study sought to explain the spatial structure of coral reef fish communities in the Ryukyu Archipelago, southern Japan. Visual surveys of coral reef fishes were conducted at multiple stations across the fringing reef (from the inner reef flat to the outer slope) at each of three different islands; Aka, Ishigaki and Sesoko. Spatial variation in fish communities (within and among reefs) was then compared to changes in environmental variables (water depth, distance from the shoreline, reef zone, coral abundance and coral richness). Despite being small islands, the total species richness of coral reef fishes in the Ryukyu Islands was very high (>87 species per reef). Mean abundance of reef fishes was also very high (x = 2.26 ± 0.20 S.E. fishes per m 2 ), but more than 80% of all fishes were from the family Pomacentridae. The structure of fish communities was very consistent among reefs, but varied greatly among zones within each reef. On the reef flat, the fish community was dominated by the pomacentrid Chrysiptera cyanea and the acanthurid Acanthurus nigrofuscus. In contrast, the reef slope community was characterised by high densities of the pomacentrids Pomacentrus lepidogenys and P. richardsoni, as well as high densities of the acanthurid Ctenochaetus striatus. Canonical correspondence analysis showed that the structure of the coral reef fish communities varied in relation to reef zone, water depth, and distance from the shoreline, but these changes were not related to spatial variation in either coral abundance or coral richness. 
Introduction
A major goal of ecology is to explain spatial patterns in the distribution of organisms and the corresponding spatial structure of communities. For coral reef fishes, potential factors that influence species distributions are many and varied (see reviews by Caley et al., 1996; Lecchini and Galzin, in press ). These factors can be broadly categorised as biological (e.g. recruitment, competition, predation), physical (e.g. temperature, salinity) or historical (disturbance events). Previous studies have focussed almost entirely on biological factors, relating the distribution of coral reef fishes to patterns of recruitment (Caselle, 1999; Shima, 1999) , competition (Levin, 1993; Booth, 1995) , predation (Booth, 2002; Steele and Forrester, 2002) , and/or the availability of resources (Hindell et al., 2002; Holbrook et al., 2002) . In many instances, biological factors have been shown to explain a large proportion of variability in the distribution of coral reef fishes (Holbrook et al., 2002) . Conversely, there are many studies that have found that the distribution and abundance of adult populations cannot be explained exclusively by biological factors (Bell et al., 1985) . Conflicts regarding the importance of biological factors such as recruitment, predation or resource requirements in structuring fish populations and communities may result from differences in sampling and scale between studies (Bell et al., 1985; Syms and Jones, 2000) , or from real differences in the recruitment history and demographic parameters of different fish species (Jones, 1991) . At the most fundamental level, biological factors must have an influence on the distribution of coral reef fishes (e.g. no animal can live where there is no suitable prey), but further work is required to assess the generality of their influence on different fish species, at different scales, and also within the context of physical and historical factors.
On tropical coral reefs, as in temperate marine environments, fishes are distributed neither uniformly nor at random, but often exhibit striking patterns in their distribution and abundance (Galzin, 1987; Letourneur, 1992; Cadoret et al., 1995) . These patterns are most apparent along physical gradients, such as from near shore to oceanic waters (Williams, 1982; Green et al., 1987; Adjeroud et al., 1998) , suggesting that physical processes might exert considerable influence on the distribution of fishes. Recent research showing interspecific variation in the physiological capabilities of coral reef fishes Fulton et al., 2001) provides both a mechanism, and presents clear evidence showing the influence of physical factors on spatial distributions of reef fish species. Studies of the relationships between physical factors (e.g. water flow, wave exposure and water depth) and patterns in the distribution and abundance of coral reef fishes may, therefore, provide interesting insights into the role of physical processes in structuring fish communities. However, physical factors often occur as interrelated gradients (Denny, 1988) , and may also be accompanied by corresponding changes in habitat structure (e.g. coral cover), making it difficult to discern the independent influence of any single physical factor (Rakocinski et al., 1992; McGehee, 1994) . It is, therefore, necessary to undertake multi-factorial studies, and apply appropriate analyses, that can elucidate the relative contribution of several different factors in determining the distribution of coral reef fishes.
The aims of this study were: (i) to investigate the spatial structure of fish communities on coral reefs in the Ryukyu Archipelago, southern Japan, and (ii) to relate spatial patterns in the structure of the fish communities to gradients in environmental variables. This study represents the most detailed study to date of coral reef fish communities in the Ryukyu Archipelago, representing the northernmost populations of coral reef fishes anywhere in the world. It is, therefore, interesting to assess whether the structure of these fish communities conforms to the observed structure of fish communities in other coral reef systems. Moreover, this study provides important baseline data that will enable subsequent investigation of temporal changes in fish communities, as coral reefs in the Ryukyu Archipelago are subject to considerable pressure from anthropogenic impacts (Nishihira, 1987) and natural disturbances (Sano, 2001 ).
Materials and methods
This study was conducted in August 1995, in the Ryukyu Archipelago (24-30°N), southern Japan. Sampling was carried out at three different islands (Aka, Ishigaki and Sesoko), separated by 100-500 km along an arc of islands extending between Kyushu and Taiwan ( Fig. 1) . At each island, a single study location was selected (labelled 'Aka', 'Ish' and 'Ses' according to the respective Islands) (Fig. 1) . All study locations were located on the north-western side of their respective islands (thereby ensuring similar levels of exposure), and each location had a very similar reef profile with a clearly defined reef flat, reef crest and outer slope. The reef flat (1.5-2 m depth) represented an area of low relief comprised predominantly of carbonate pavement, extending seaward for approximately 100 m from the shoreline to a slightly raised reef crest. Beyond the reef crest, the outer slope represented the steeply inclined reef front, which extended seaward to a sandy floor (Fig. 2) .
In order to document the distribution of fishes across the fringing reef, sampling was conducted at seven different stations extending from near shore to oceanic waters within each location (Fig. 2) . Stations 1-4 were placed equidistant across the reef flat, while stations 5, 6 and 7 were located on the reef slope at 5, 10 and 15 m depth, respectively. The abundance of coral reef fishes was measured on three replicate 30 × 5 m belt transects within each station, at every location. All transects were orientated parallel to the reef crest, and run from a haphazardly selected starting point within each station. Fishes were censused during two passes over each transect, following Smith and Tyler (1972) . On the first pass, the diver swam quite quickly (>5 m min ) to record more sedentary species. All individuals in each of eight different families (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Pomacentridae, Scaridae, Siganidae and Zanclidae) were recorded to species (Table 1) .
Spatial variation in the community structure of coral reef fishes was analysed using correspondence analysis (CA), which compares the relative abundance of different fish spe- Table 1 One hundred and fifty-six species recorded during surveys across all three islands (Aka, Ishigaki and Sesoko) cies among stations and among locations (Benzécri, 1973) . Results of the analysis were then displayed in a bi-plot to show relative similarities in the structure of fish communities among stations and among islands. If coral reef fish communities are structured according to strong environmental gradients that extend across the fringing reef, we would expect to find stations arranged in approximate order (1-7) across the bi-plot. Alternatively, stations may be arranged in distinct clusters, indicating marked changes in community structure from one group of stations to the next. Spatial patterns in the structure of fish communities were confirmed using hierarchical clustering, which searches the data for distinct 'clusters' of stations with similar fish communities. The clustering algorithm used in this study was based on Ward's method of minimum variance clustering. Where clusters were identified, variation between clusters was then compared to variation within each cluster, using Wilks' test (Wilks, 1932) . If variation between clusters is significantly greater than variation within clusters, then the designated clusters will provide significant information on the spatial structure of fish communities, if not, then clusters were considered invalid and the respective clusters merged.
To assess the influence of environmental variables on the distribution of coral reef fishes, the abundance and species richness of reef corals (biological variables), as well as water depth, distance from the shoreline, and reef zone (physical variables) were recorded for every station at each location. Coral abundance (number of coral colonies per m 2 ) and coral richness (number of species per m 2 ) were quantified using replicate 10 × 1 m belt transects (Table 2) . Three replicate transects were run parallel to the shoreline within each station, and the absolute numbers of adult coral colonies (colonies > 5 cm diameter) as well as the number of different coral species were recorded for each transect. Mean water depth and distance from the shoreline were recorded at each station were also measured for every transect. The reef zone (reef flat vs. outer slope) was entered as a categorical variable, where reef flat = 1, and outer slope = 2. Multivariate analysis of correlations between fish communities and environmental variables (coral cover, coral richness, depth, distance from the shore, and reef zone) was then conducted using canonical correspondence analysis (CCA), following ter Braak (1986). Analyses were conducted at the level of stations (n = 21 stations), rather than individual transects (cf. CA of fish communities), and so steps had to be taken to maximise the power of the CCA: most importantly, not all environmental variables could be used in the CCA, and so variables to be used in the analysis were selected using a permutation test. During this stepwise procedure (analogous to backward elimination in multiple regression) various combinations of the five different variables (coral cover, coral richness, depth, distance from the shore, and reef zone) were tested to determine which combination of variables best explained observed variation in the structure of fish communities (ter Braak, 1986) . After the best combination of variables was selected, the CCA was run to determine the degree to which the model would best explain the structure of coral reef fish communities.
The robustness of the final analysis was then determined using the Monte Carlo permutation test (ter Braak, 1986 ).
Results

Spatial patterns in fish communities
A total of 21 356 fishes were recorded across all 63 transects sampled, corresponding to a mean density of 2.26 Table 2 Mean abundance (number of individuals per m 2 ) and species richness (number of total species-data in parenthesis) of reef fishes at each zone (S1-7), and each island (Ishigaki, Aka and Sesoko, ordered from south to north). The mean abundance (number of individuals per m 2 ) and mean species richness (number of species per m 2 ) of coral colonies were also given for each zone and each island
0.0771 (6) 0.2230 (9) 0.0926 (7) 0.0971 (7) (Fig. 3a) . The majority of fishes recorded at every station were from the family Pomacentridae (Table 2 ). In all, pomacentrids accounted for 87% (18 632/21 356) of all individuals counted, and were an order of magnitude more abundant (x = 1.97 ± 0.21 S.E. fishes per m 2 ) than the next most abundant families, which were the Acanthuridae (x = 0.10 ± 0.01 S.E. fishes per m 2 ) and Labridae (x = 0.09 ± 0.008 S.E. fishes per m 2 ). The overall fish community comprised a total of 156 different species, from 46 different genera (Table 1) . Species richness varied little among locations (Aka, 98 species; Ish, 100 species; Ses, 87 species), but showed a fairly clear and consistent increase from the inner reef flat to the outer slope (Fig. 3b) . The most speciose families (Table 2) were the Pomacentridae (48 species), Labridae (44 species) and Chaetodontidae (22 species).
Spatial variation in the community structure of coral reef fishes was analysed using two separate analyses; the first analysis considered only the Pomacentridae, while the second analysis considered all other families (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae and Zanclidae). The results from these two analyses were largely complementary, but when all families were considered together the results were indistinguishable from results of the analysis in which the Pomacentridae were considered alone (i.e. the Pomacentridae were shown to be swamping the dataset and thereby obscuring differences in the relative abundance of all other fish species). The independent analysis (CA) of community structure for the Pomacentridae showed strong separation of most reef flat stations (all except Ses4 and Aka4) from outer slope stations (Fig. 4a) . This result shows that variability among stations (within locations) was much greater than variability among islands (among locations). Moreover, the community is organised into two distinct assemblages, rather than exhibiting gradual change in community structure along the cross-reef gradient. Hierarchical clustering further confirmed the separation of two distinct assemblages but the grouping of stations was somewhat different to that expected from the CA (Fig. 4b) ; the first cluster comprised all reef flat stations (including Ses4 and Aka4) as well as station Ses 7, while the second cluster comprised all remaining outer slope stations. Variation in community structure between these clusters was significantly higher than variability within each cluster (Wilks' test, F = 16.38 , df = 18, P = 0.05). The reef flat assemblage of pomacentrid fishes (as distinguished by hierarchical cluster- ing) was dominated by Chrysiptera cyanea, but also characterised by high densities of Pomacentrus chrysurus. In comparison, the outer slope assemblages of pomacentrids were characterised by high densities of Pomacentrus lepidogenys and P. richardsoni as well as a number of other Pomacentrus and Chromis species (Fig. 5) .
Analysis of spatial structure in communities of nonpomacentrid reef fishes (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae and Zanclidae) also revealed apparent separation of reef flat communities from outer slope communities (Fig. 6a) . Hierarchical clustering confirmed the occurrence of two distinct clusters; the first cluster comprised nearly all the reef flat stations, while the second cluster comprised all outer slope stations, as well as Aka4 and Ish4 (Fig. 6b) . These two clusters were significantly different in their community structure (Wilks' test, F = 27.69, df = 18, P = 0.03). The reef flat cluster (as identified by hierarchical clustering) was dominated by Acanthurus nigrofuscus, and also had high densities of Siganus spinus, Halichoeres trimaculatus and Thalassoma hardwicke, whereas the outer slope cluster was dominated by Ctenochaetus striatus, and also had high densities of A. nigrofuscus as well as Chaetodon trifasciatus (Fig. 7) . At the family level, only the Labridae and Siganidae were found in significantly higher abundance on the reef flat compared to the outer slope. All other families (Chaetodontidae, Pomacanthidae, Scaridae, Zanclidae and Acanthuridae) were much more abundant on the reef slope than on the reef flat; Pomacanthidae were found only on the outer slope, and virtually all the Zanclidae were seen on the outer slope (Fig.  8) . The dominant family of reef fish found on the reef flat (excluding the Pomacentridae) were the Labridae, whereas the Acanthuridae dominated the outer slope (Fig. 8) .
Correlations between spatial patterns of fish communities and environmental factors (abundance of corals, species richness of corals, water depth, distance from the shoreline, and reef zone) were assessed using CCA. Once again, independent analyses were conducted for (i) the Pomacentridae, and (ii) all other families (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae and Zanclidae). The CCA for the Pomacentridae revealed that the most significant factors explaining variation in community structure were reef zone and water depth. These two variables explained 32.8% of variance in the species matrix for the Pomacentridae (Table 3) . Moreover, the addition of other environmental variables (abundance of corals, species richness of corals, and distance from the shoreline) did not increase the proportion of variation that could be explained by these environmental factors. Similarly, in the CCA for the seven non-pomacentrid families only two variables, distance from the coast and the water depth, were significant in explaining spatial variation in community structure. These two variables accounted for 23.6% of variance in the species matrix for non-pomacentrid fishes (Table 4) .
Discussion
Species richness and abundance of coral reef fishes
The species richness of coral reef fishes recorded in the Ryukyu Islands (156 species across the eight different families) was very high compared to the species richness recorded during similar studies (and on a similar sampled area) for the central Pacific (Moorea, Galzin, 1987-98 species with 42 families sampled) and Indian Ocean (Mauritius, Adjeroud et al., 1998-107 species with 32 families sampled). This high diversity is particularly interesting considering the geographic extreme of the Ryukyus and generally small size of islands considered during this study. The Ryukyu Islands represent the northernmost reefs in the world and one may predict that diversity of coral reef fishes should be reduced at their northern extreme (Veron and Minchin, 1992) . More- Table 4 Summary of the CCA performed on community structure of fishes from non-Pomacentridae families (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae and Zanclidae). Significant factors were selected using backward elimination permutation tests (number of permutations = 199). The robustness of the analysis was tested using a Monte Carlo test over, local diversity of coral reef fishes is generally correlated with the size of the reef (Galzin et al., 1994) , and thus it would be expected that the Ryukyu Islands would support low diversity assemblages of coral reef fishes. The high diversity of coral reef fishes observed in the Ryukyu Islands is attributable, at least in part, to the strong northerly Kuroshio current that furnishes this area with warm equatorial waters, thus improving the ecological conditions for the growth and survivorship of coral reef organisms (Cadoret et al., 1999) . Moreover, the Kuroshio current is likely to provide a high diversity of fish recruits direct from the IndoPacific Archipelago, the centre of diversity for coral reef fishes (Sale, 1980) . Indeed, the high degree of connectivity between the Indo-Pacific Archipelago and coral reefs in southern Japan has led several researchers to consider the Ryukyus within the centre of diversity for coral reef fishes (Thresher, 1991) .
Despite the high species richness of coral reef fishes in the Ryukyu Islands, the abundance of coral reef fishes was generally lower than that observed on coral reefs elsewhere throughout the world (see also Cadoret et al., 1999) . For example, the mean abundance of Chaetodontidae recorded across all three islands considered during this study (Aka, Ishigaki and Sesoko) was just 0.03 fishes per m 2 . In contrast, Findley and Findley (1985) recorded densities of butterfly fish in French Polynesia, Australia and the Red Sea that correspond to 0.21, 0.13 and 0.14 fishes per m 2 , respectively (see also Fowler, 1990; Bouchon-Navaro, 1981; BouchonNavaro and Bouchon, 1989) . Mean densities of butterfly fish recorded in the Ryukyus Islands were comparable to densities recorded in the Caribbean (0.03 fishes per m 2 ), where there are only three species of Chaetodontidae (Findley and Findley, 1985) . Mean densities of fishes from other nonPomacentridae families (principally, the Labridae, Scaridae and Acanthuridae) were also much lower than expected for coral reefs in the Pacific Ocean, whereas densities of Pomacentridae were somewhat higher than expected (cf. Munday and Jones, 1998) .
Structure of fish communities
Coral reef fish communities observed in the Ryukyu Islands were characterised by an over-riding dominance (both in terms of abundance and species richness) of fishes from the family Pomacentridae. The Pomacentridae are often among the most abundant and most speciose families of fishes within coral reef systems (Williams, 1982) . However, no other studies have shown the Pomacentridae to be more than an order of magnitude more abundant than the Acanthuridae, Labridae, Scaridae or Chaetodontidae (see Table 2 ). The numerical dominance of the Pomacentridae over all other reef fish families (Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae, and Zanclidae) within the Ryukyu Islands may be attributable to overfishing of larger fish species (mainly Labridae, Scaridae and Acanthuridae) (Nishihira, 1987) , coinciding with wide-spread habitat degradation (Sano, 2001) . Both overfishing and habitat degradation would tend to have a disproportionate impact on larger fish species (Ohman et al., 1997) , possibly explaining the lower than expected densities of Acanthuridae, Chaetodontidae, Labridae, Pomacanthidae, Scaridae, Siganidae and Zanclidae. It appears thus far, that the Pomacentridae have been largely unaffected by habitat degradation (if that is indeed what caused declines in the abundance of other fish families) but continued habitat degradation is likely to effect even the Pomacentridae (Sano et al., 1987) .
The community structure of coral reef fishes was very consistent among the three islands considered in this study (Aka, Ishigaki and Sesoko), but varied greatly among stations within islands. Most notably, distinct communities of coral reef fishes were observed on the reef flat and outer slope. Variation in the community structure of coral reef organisms (both fishes and sessile invertebrates) among physiographic reef zones is one of the most striking patterns observed in coral reef environments, and has been noted on numerous occasions (see review by Williams, 1991 and references therein) . The distinction between different assemblages in each reef zone (the reef flat vs. outer slope), observed during this study, was caused by highly restricted patterns of zonation for most fish species. There was evidence of higher diversity on the outer slope (compared to the reef flat), caused by the addition of species across the reef profile. However, many species were found only on the reef flat (e.g. Pomacentridae: C. cyanea, Cheioprion labiatus, Stegastes nigricans, Labridae: H. trimaculatus, Siganidae: S. spinus) or only on the outer slope (e.g. Pomacentridae: Chromis margaritifer, Dascyllus reticulatus, Chaetodontidae: Chaetodon auriga). At the family level, the Labridae and Siganidae were most abundant on the reef flat, whereas the Acanthuridae, Chaetodontidae, Pomacanthidae, Scaridae and Zanclidae were most abundant on the outer slope.
The distribution of fishes among reef zones may be related to the distribution of prey, habitat availability or the physiological capabilities of individual species relative to environmental conditions (Williams, 1991) . In the case of herbivorous fishes, different patterns of zonation were found for each family (i.e. the Siganidae were found predominantly on the reef flat, whereas the Acanthuridae and Scaridae were found predominantly on the outer slope) and this may represent resource partitioning to minimise inter-familial competition (Choat and Bellwood, 1985) . Our finding that the Chaetodontidae tended to be more abundant on the outer slope is similar to that of other studies, and is generally attributed to higher coral cover and higher topographic complexity found in this zone (Bouchon-Navaro et al., 1985; Bouchon-Navaro and Bouchon, 1989) . Similarly, the Pomacanthidae were found only on the outer slope, and this is probably related to availability of shelter, rather than food (Allen et al., 1998) . However, detailed accounts of observed distributions for individual species, or families, would require a detailed study of their biology, morphology and physiology ).
Influence of environmental factors
Of the five environmental variables considered during this study (abundance of corals, species richness of corals, water depth, distance from the shoreline, and reef zone), only the physical variables (water depth, distance from the shoreline, and reef zone) were shown to account for a significant proportion of variation in the structure of coral reef fishes. Interestingly, this study found that spatial variation in the structure of fish communities was not related to spatial variation in either coral abundance or coral richness. This is a stark contrast to the findings of many other studies of spatial variation in the community structure and distributions of coral reef fish (Fowler, 1990; Galzin et al., 1994; Chabanet et al., 1997) . However, the lack of correlations between coral reef fish communities and coral abundance, and coral richness, does not necessarily mean that these factors are unimportant in structuring fish communities in the Ryukyus. In fact, biological, physical and historical factors may co-vary (through indirect or synergistic effects) in such a manner that potentially important factors are not revealed by CCA (Dunson and Travis, 1991) . Moreover, seemingly unimportant environmental variables (e.g. coral abundance) may have a significant influence on a small subset of species (e.g. the Chaetodontidae), but appear relatively unimportant when looking at community-level responses. For example, Cadoret et al. (1999) examined the community structure of just the Chaetodontidae in the Ryukyu Islands, and found a significant association with live coral cover (see also BouchonNavaro, 1981; Bouchon-Navaro and Bouchon, 1989) .
The factors considered in each of the two separate analysis (Pomacentridae, reef zone and water depth; other families, distance from the coast and water depth) accounted for a significant, but only relatively small portion of spatial variation (32.8% and 23.6%, respectively) in the structure of these communities. The remaining 'unexplained' portion of the variation is attributable to pure spatial variation (the amount of spatial structuring in the species matrix), and variation due to environmental factors not measured in this study. This study considered only a very small number of the potential factors that might influence the spatial structure of coral reef fish communities (e.g. substrate complexity, wave exposure, species interactions) and though it is not feasible to consider all possible factors in a single study, these findings may point to other factors that are likely to be important in structuring fish communities. Conspicuous zone related differences in the community structure of coral reef fishes, as were observed in the Ryukyu Islands, have mostly been attributed to variation in wave exposure and water movement (e.g. Williams, 1982; Galzin, 1987; Adjeroud et al., 1998; Bellwood and Wainwright, 2001; Fulton et al., 2001 ). However, wave exposure and water movement also vary with respect to distance from the shoreline and water depth (Denny, 1988) . Therefore, hydrodynamic conditions may represent the causal mechanism behind the correlations with reef zone, water depth and distance from the shoreline, detected during this study.
In conclusion, this study has shown that coral reef fish communities appear fairly homogenous among islands in the Ryukyu Archipelago. However, there were significant differences in the structure of fish communities between reef zones. In contrast to most previous studies (Chabanet et al., 1997) , variation in the structure of fish communities appeared largely unrelated to coral abundance or coral diversity. Rather, coral reef fish communities appeared to be structured according to spatial variation in physical variables, which was probably related to wave exposure and water movement ). The overall fish community of the Ryukyus was very diverse, but the individual abundance of most major families (Acanthuridae, Chaetodontidae, Labridae and Scaridae) was unexpectedly low. These findings may highlight the wide-spread anthropogenic impacts (overfishing, industrialisation) combined with natural disturbances (outbreaks of crown-of-thorns starfish, coral bleaching) that have affected coral reefs throughout southern Japan (Nishihira, 1987; Sano, 2001) . It would be important, therefore, to conduct a follow-up study to assess whether there have been any further changes in coral reef fish communities of the Ryukyu Islands, indicative of ongoing impacts to these reef systems.
